Abstract. Brain-derived neurotrophic factor (BDNF) has previously been demonstrated to be associated with several types of cancer. In addition, its receptor, tropomyosin related kinase B (TrkB) is involved in tumor invasion and metastasis. Epithelial-mesenchymal transition (EMT) is associated with metastasis in cancers. Thus, The aim of the present study was to examine whether BDNF/TrKB expression is linked to a poor survival and the acquisition of the EMT phenotype in cervical cancer. We found that a high positive expression of BDNF/TrKB was associated with poor survival in cervical cancer. Our results revealed that high expression levels of BDNF/TrKB were observed in cervical cancer compared to normal cells. Importantly, we demonstrated that the silencing of TrKB suppressed the activation of EMT via the downregulation of N-cadherin, vimentin, matrix metalloproteinase (MMP)2 and MMP9, and the upregulation of E-cadherin and tissue inhibitor of metalloproteinases (TIMP)2, which resulted in suppressed cell proliferation, migration and invasion. Furthermore, high phosphorylation levels of ERK and Akt were observed in the cervical cancer cells, while these levels were decreased in the cells in which TrKB was knocked down. On the whole, these findings suggest that the BDNF/TrKB pathway is a promising target for the prevention of tumor proliferation, invasion, metastasis and EMT in cervical cancer cells.
Introduction
Cervical cancer is one of the most common gynecological malignancies in clinical practice, and its incidence rate is only followed by breast cancer (1) (2) (3) . Cervical cancer has a high morbidity and mortality, a poor prognosis and is a serious threat to women's health (3, 4) . However, the pathogenesis and etiology of cervical cancer is not yet clear.
Brain-derived growth factor (BDNF) is a high affinity ligand for tropomyosin related kinase B (TrkB) (5, 6) . The neurotrophin receptor, TrkB, is one of the members of the tropomyosin-related kinase (Trk) family (5, 6) , and is pivotal to large numbers of biological processes involving the maturity and development of the nervous system, such as neuronal differentiation, growth, invasion and survival (7, 8) . Previous studies have demonstrated that BDNF/TrkB is involved in growth, invasion and metastasis in several tumors, including gastric cancer, lung cancer, hepatocellular carcinoma, and ovarian and prostate cancer (9) (10) (11) (12) . The binding of BDNF to TrkB results in TrkB activation, and the two activated TrkBs combine to form homodimers, which phosphorylate several tyrosine residues in the intracellular domain of TrkB. On the one hand, this can enhance the activity of TrkB itself; on the other hand, the phosphorylation of tyrosine residues at certain sites forms a site that specifically binds to PTB and SH2 structures, attracting cell signaling molecules containing PTB and SH2 structures, which in turn causes changes in the biological behavior of tumor cells (5, 6, 13) . It has been confirmed that the BDNF/TrkB signal transduction pathway is involved in the regulation of tumor cell proliferation, invasion and metastasis, resistance to chemotherapy and ankylosis by activating the downstream phosphatidylinositol 3-kinase (PI3K)/protein kinase B (PKB, also known as Akt) pathway (14) . Epithelial-to-mesenchymal transition (EMT) produces cells with characteristics of stem cells, and is a hallmark of an increased invasive and migratory potential of cancer cells (15) (16) (17) . During the process of EMT, cells lose cell-cell contacts and intercellular junctions, and undergo cytoskeletal reorganization (17) . The increased expression of BDNF/TrkB is closely associated with EMT in several types of tumors, leading to enhanced tumor invasion and metastasis (18, 19) . These studies suggested that BDNF/TrkB plays an important role in several cancers by enhancing high cell proliferation, invasion and metastasis, the resistance to apoptosis and poor prognosis.
Recent studies have revealed that extracellular signalregulated kinase (ERK) regulates the migration, invasion and proliferation of cervical cancer cells (20) (21) (22) (23) . These results suggest that the enhanced phosphorylation of ERK promotes cell proliferation, invasion and metastasis (20) (21) (22) (23) . There is evidence to indicate that the activation of the PI3K/AKT pathway contributes to an enhanced invasion and metastasis, and a poor prognosis in cervical cancers (24, 25) . A recent study revealed that the BDNF/TrkB signaling pathway exerted a marked stimulatory effect on HeLa cells (a cervical cancer cell line) (26) . Another study reported that TrkB and BDNF expression may play a significant role in the early events of tumorigenesis in cervical squamous cell carcinoma (SCC) (27) . However, the underlying mechanisms of the BDNF/TrkBinduced signaling pathway activation need to be elucidated in cervical cancers. Hence, although BDNF/TrkB is essential in the tumorignicity of many tumors (9) (10) (11) (12) , it remains obscure as to whether the BDNF/TrkB pathway is associated with metastasis and EMT, and whether it is linked to the ERK or PI3K/ AKT pathways in the development of cervical cancer.
In this study, we investigated the role of the BDNF/TrkB pathway in cervical cancers and cervical cancer cell lines. Our results revealed that high a BDNF/TrkB expression was associated with a poor outcome of cervical cancers. Notably, we also found that a high BDNF/TrkB expression was necessary for cell proliferation, invasion, metastasis and EMT, processes regulated by the ERK and PI3K/AKT signaling pathways.
Materials and methods
Patients. This study was approved by our hospital institutional review board and informed consent was obtained from all patients. In total, 56 patients with cervical cancer (CC) were enrolled in this study, aged between 36 to 71 years, with an average age of 54.6 years. All patients underwent total hysterectomy or radical mastectomy without pre-operative radiotherapy and chemotherapy. Paraffin-embedded specimens from surgical resection, as well as adjacent normal tissues were collected from The Affiliated Hospital of Southwest Medical University, Luzhou between January and October, 2016. CC staging was performed according to the standard of the International Union of Obstetrics and Gynecology (FIGO) in 1998 (28): 45 cases were characterized as having disease at the >IIB stage and 11 cases were characterized as having disease at the ≤IIB. The histological grade of the samples was as follows: 7 cases of poorly differentiated, 24 cases of moderately differentiated and 25 cases of well differentiated tumors. Lymph node metastasis was as follows: 15 cases with lymph node metastases and 41 cases with no lymph node metastases.
Cell culture. The human cervical cancer cell lines, HeLa, SiHa, CaSki, C4-1 and C-33 A, and the human papillomavirus immortalized ectocervical (Ect1/E6E7) cells were purchased from the American Type Culture Collection (ATCC; Manassas, vA, USA), and grown in RPMI-1640 medium containing 10% fetal bovine serum (FBS) and antibiotics at 37˚C under a humidified atmosphere with 5% CO 2 and 95% air.
Cell viability assay. Cell viability was determined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenytetrazolium bromide (MTT) assay kit (Beyotime Institute of Biotechnology, Haimen, China). Briefly, the cells were seeded in 96-well plates and were pre-treated with siRNA against TrKB (siTrKB) or negative siRNA for 24 h. Subsequently, a concentration of 0.5 mg/ml of 1 mg/ml MTT/well was added to the cells followed by incubation for 4 h at 37˚C. The optical density at 490 nm was measured using a Bio-Rad microplate reader (Bio-Rad, Hercules, CA, USA). Cell viability was calculated as percentage of the average OD value of the control.
Transwell invasion assay and scratch migration assay.
The invasion assay of the cells was performed using 24-well Transwell plates (Corning Inc., Lowell, MA, USA). Briefly, 1x10
5 cells in 500 µl of Dulbecco's modified Eagle's medium (DMEM) were seeded in the upper chamber. The lower chamber was supplemented with 750 µl of DMEM containing 10% FBS. Follwowing 24 h of incubation, the upper cells of the membrane were removed using a cotton-tipped swab. The cells invading the underside of the membrane were fixed in methanol for 15 min and stained with 0.5% crystal violet (AppliChem GmbH, Darmstadt, Germany) for 15 min. The cell numbers from 5 random fields were calculated and the corresponding images for the selected fields were captured at x40 magnification. The assays were performed in triplicate.
For the scratch assay, the cells were grown in complete DMEM until 90-100% confluency in cell culture plates. A wound (5 mm in diameter) was introduced across each plate. Wound healing growth or the migration of the cells was observed under a microscope (Olympus CX23; Olympus, Tokyo, Japan) after 24 h.
Animal experiments. BALB/c nude mice (age, 6-8 weeks; sex, male and female; weight, 20-25g) were purchased from the Medical Laboratory Animal Center of Guangdong Province (Guangzhou, China) and were allowed to acclimatize for 2 weeks. Animal experiments in this study were carried out after obtaining ethics approval from the Ethics Committee of the Affiliated Hospital of Southwest Medical University. The mice were maintained in compliance with the Institutional Animal Care and Use Committee (IACUC) procedures and guidelines. The mice had free access to food and water and were kept at a temperature of 20-25℃, and a relative humidity of 60%. The mice were divided into 3 groups as follows: The control, in which mice were injected with Hela cells; the siNC group, in which mice were injected with HeLa cells transfected with negative control siRNA; and the siTrKB group, in which mice were injected with HeLa cells transfected with siTrKB; there were 5 mice per group. HeLa cells (1x10 5 ) from all groups were resuspended in 50 µl phosphate-buffered saline (PBS) before being injected subcutaneously into the right flanks. Tumors in mice were allowed to grow for 15 days and the mice were then sacrificed and tumors removed.
Silencing of TrKB by siRNA. Recombinant adenoviruses encoding siRNA targeting TrkB and negative TrkB siRNA were designed and constructed by Sangon Biotech Co., Ltd. (Shanghai, China). The HeLa and CaSki cells at 2x10 5 were seeded in 12-well plates for 12 h prior to transfection. After the cells were grown to 70% confluence, they were divided into 3 groups and they were transfected with 30 nM PBS (control group), viruses encoding TrkB siRNA and negative TrkB siRNA. Following transfection for 48 h, the cells were collected and used in the experiments.
Immunohistochemical (IHC) staining. The tissue samples were fixed in 10% formalin. All samples were then routinely processed, paraffin embedded, sectioned at 5 mm, and then stained with hematoxylin and eosin (H&E). The sections were deparaffinized in xylene and rehydrated in a graded series of alcohol solutions according to routine protocol. Subsequently, the sections were incubated with the appropriate primary TrKB antibodies (1:100 dilution; Abcam, Cambridge, MA, USA) and BDNF antibodies (1:100 dilution; Abcam) overnight. After washing, the slides were incubated for 30 min at room temperature with goat anti-rat IgG H&L (HRP). Non-specific staining was blocked with 0.5% casein and 5% normal serum (Invitrogen/ Life Technologies, Carlsbad, CA, USA). The sections were subsequently counterstained with hematoxylin (Invitrogen/ Life Technologies). The percentage of positive cells was determined by counting at least 200 cells per section in 5 random, non-overlapping fields under a microscope. Immunostaining was evaluated using a semi-quantitative scoring system, which was determined by the staining intensity in conjunction with the percentage of positively stained cells. Scores of 0, 1+ and 2+ were regarded as weak or moderate for the expression of TrKB and BDNF protein, whereas scores of 3+ were considered as positive for the overexpression of TrKB and BDNF protein.
Western blot analysis.
Cells from all the groups were washed using ice-cold PBS and lysed for 30 min on ice in lysis buffer (100 mM Tris, 150 mM NaCl, 1% Triton X-100) supplemented with a cocktail of protease inhibitors (Sigma-Aldrich, St. Louis, MO, USA). Protein concentrations were examined using the BCA protein assay kit (Pierce Biotechnology, Rockford, IL, USA) according to the manufacturer's instructions. Briefly, proteins in the cells were separated by an SDS polyacrylamide gel (Pharmacia and Biotech, Piscataway, NJ, USA) electrophoresis, and then electrotransferred onto polyvinylidene difluoride membranes (Millipore Corp., Bedford, MA, USA). The blots were then washed with TBST. The membranes were then blocked with 5% non-fat dry milk. Subsequently, the membranes were incubated with appropriate antibodies (TrKB, 1:1,000, ab18987; BDNF, 1:1,000, ab108319; E-Cadherin, 1:100, ab1416; N-cadherin, 1:1,000, ab18203; vimentin, 1:2,000, ab92547; MMP2, 1:1,000, ab37150; MMP9, 1:1,000, ab38898; TIMP2, 1:1,000, ab1828; and GAPDH, 1:1,000, ab8245; all from Abcam) at 4˚C overnight. The membranes were washed with PBS and incubated with a 1:2,000 dilution of peroxidaseconjugated secondary antibodies (A9044; Sigma-Aldrich) for 1 h. The bands were visualized using the enhanced chemiluminescence (ECL) western blotting detection system (Amersham Bioscience, Piscataway, NJ, USA). The intensity of the bands was determined using ImageJ software (NIH, Bethesda, MD, USA).
RT-qPCR analysis. Total RNA was isolated from the cells in all groups using the RNeasy Mini kit (Qiagen, valencia, CA, USA) according to the manufacturer's instructions. A total of 1 µg total RNA was converted into cDNA using the TaqMan Reverse Transcription reagent kit (Applied Biosystems, Foster City, CA, USA). Quantitative PCR was performed using TaqMan Gene Expression Assays and the TaqMan Universal PCR Master Mix (Applied Biosystems) according to the manufacturer's instructions. The amplification and detection of mRNA Table I . Association of TrKB and BDNF expression with the clinicopathological characteristics of the patients with cervical cancer.
No.
Positive n (%) P-value Positive n (%) P-value were analyzed using a 7500 Real-Time PCR System (Applied Biosystems). Data were calculated using the 2 -∆∆Cq method and normalized to GAPDH levels. The PCR reactions for each sample were performed in duplicate. The sequences primers were used as follows: TrkB forward, 5'-TTGCAGCATTT CACTTGGCT-3' and reverse, 5'-CTG TCATTTAGCCGCG AACA-3'; BDNF forward, 2, 5'-GAGC CCTGTATCAACCC AGA-3' and reverse, 5'-TCAAATACCATGCCCCACCT-3'; E-Cadherin forward, 5'-AACAGGATGGCTGAAGGTGA-3' and reverse, 5'-CCTTCCATGACAGACCCCTT-3'; N-cadherin forward, 5'-ATATTTCCATCCTGCGCGTG-3' and reverse, 5'-GTTTGGCCTGGCGTTCTTTA-3'; vimentin forward, 5'-GAGTCCACTGAGTACCGGAG-3' and reverse, 5'-ACGA GCCATTTCCTCCTTCA-3'; matrix metalloproteinase (MMP)2 forward, 5'-GGAGTACTGCAAGTTCCCCT-3' and reverse, 5'-TCAGTGGTGCAGCTGTCATA-3'; MMP9 forward, 5'-TGCCACTTCCCCTTCATCTT-3' and reverse, 5'-CGTCCT GGGTGTAGAGTCTC-3'; tissue inhibitor of metalloproteinases (TIMP)2 forward, 5'-TGATCCCGTGCTACATC TCC-3' and reverse, 5'-CCTGCTTATGGGTCCTCGAT-3'; and GAPDH forward, 5'-GAGTAAGACCCCTGGACCAC-3' and reverse, 5'-AACTGGTTGAGCACAGGGTA-3'.
Statistical analysis. The data are expressed as the means ± standard deviation. An independent t-test and one-way ANOvA was used for the statistical comparison of two and multiple groups, respectively followed by Tukey's post hoc test. A value of P<0.05 was considered to indicate a statistically significant difference. All statistical analysis were analyzed using SPSS software (SPSS version 18; SPSS, Inc., Chicago, IL, USA). 
Results
Correlations between TrKB and BDNF expression with clinicopathological parameters. The representative immunohistochemical images for TrKB and BDNF are shown in Fig. 1A-F . The association between the clinicopathological parameters and TrKB or BDNF expression are summarized in Table I . Of the 56 patients with cervical cancer, the age of 39 patients was <50 years. In total, 45 cases were characterized as having disease at the >IIB stage and 11 cases were characterized as having the disease at the ≤IIB stage. In addition, 44 patients had squamous cell carcinoma and 12 had adenocarcinoma. No significant association between TrKB expression and clinicopathological parameters was observed.
However, higher expression levels were observed in patients with a tumor size of >4 cm compared to those with a tumor sie of <4 cm (P=0.112). Patients with poor and moderate differentiation had a higher TrKB expression compared to those with well differentiation (P=0.061). A positive TrKB expression was found in 81.8% (n=9) of patients with the disease at ≥IIB stage, while it was 55.6% in patients with the disease at <IIB stage. The distribution of TrKB protein was markedly higher in patients with lymph node metastasis than in patients with no lymph node metastasis (P=0.074). Similar to TrKB expression, a high expression of BDNF was found in patients with moderate and poor differentiation, with the disease at ≥IIB stage and with lymph node metastasis. In addition, there was a significant association between BDNF expression and tumor size. The positive Associations between TrKB and BDNF expression with patient overall survival. To evaluate the association between TrKB or BDNF and the overall survival of patients with cervical cancer, Kaplan-Meier analysis was performed. As shown in Fig. 1G-I , the overall survival time was prolonged in patients with a moderate expression of TrKB and BDNF, compared to that in patients with a positive expression of TrKB (P=0.221) and BDNF (P=0.340), respectively. Furthermore, we compared patients with both TrKB and BDNF positive expression to patients with both TrKB and BDNF moderate expression. It was evident that patients with both TrKB and BDNF moderate expression had a prolonged survival time compared to patients with TrKB and BDNF positive expression (n=45, P=0.126).
Higher expression levels of TrKB or BDNF are observed in cervical cancer tissues than in adjacent normal tissues. To assess the differences in TrKB and BDNF expression between cancer tissues and adjacent normal tissues, we determined the mRNA and the protein expression levels of TrKB and BDNF in these tissues. In 8 paired cancer tissues and adjacent normal tissues, the expression at both the protein ( Fig. 2A-C) and mRNA (Fig. 2D ) level were found to be overexpressed in cancer tissues compared to those in the adjacent tissues counterparts.
Expression levels of TrKB and BDNF in cervical cancer cell lines are higher than those in the human papillomavirus immortalized ectocervical cells (Ect1/E6E7).
To further explore the role of TrKB and BDNF in cervical cancer, we examined the expression of TrKB and BDNF in cervical cancer cell lines and human papillomavirus immortalized ectocervical cells (Ect1/E6E7). As shown in Fig. 2E -G, compared to the Ect1/E6E7 cells, higher protein and mRNA expression levels of TrKB and BDNF were observed in the cervical cancer cell lines HeLa, CaSki, CaSki, C4-1 and C-33 A.
Expression levels of TrKB and BDNF are significantly decreased in cells following siRNA transfection.
To explore the role of TrKB and BDNF in the cervical cancer cell lines, HeLa and CaSki, we silenced TrKB with TrKB siRNA. The results revealed that the protein and mRNA expression levels of both TrKB and BDNF were clearly downregulated after the cells were transfected with TrKB siRNA, compared to the levels in the control and negative siRNA-transfected cells (Fig. 3) .
The proliferative, migrative and invasive ability of the cervical cancer cell lines, HeLa and CaSki, were significantly suppressed after the cells were transfected with TrKB siRNA. MTT assay revealed that cell growth was inhibited after the cells were transfected with TrKB siRNA compared to control and negative siRNA-transfected cells. For the HeLa cells, the cell viability at day 3 was ~3-fold of that at day 0 in both the control and negative siRNA-transfected groups, while in the TrKB siRNA-transfected group, it was only elevated ~0.7-fold at day 3 compared to day 0 (Fig. 4A) . Similarly, for the CaSki cells, the cell viability was enhanced ~1.5-fold at day 3 compared to that at day 0 in both the control and negative siRNA-transfected groups, whereas it was only increased ~0.5-fold at day 3 compared to day 0 (Fig. 4B) .
Transwell invasion assay revealed that the invasive ability was markedly suppressed in the cells in which TrKB was knocked down compared with the control and negative siRNAtransfected group. The numbers of invaded cells were ~100 for both the HeLa and CaSki cells from the control and negative siRNA-transfected group, whereas the numbers were ~25 and 10 for the HeLa and CaSki cells from TrKB siRNA-transfected group, respectively ( Fig. 4C and D) .
The scratch wound healing assay was performed to examine the effects of the knockdown of TrKB on the proliferative and migratory abilities of the cells. It was clearly revealed that the wound healing ability of the cells from the control and negative siRNA-transfected groups was significantly higher than that in the cells transfected with TrKB siRNA. The wound areas were filled ~90% in both the HeLa and CaSki cells from the control and negative siRNA-transfected groups, while they were ~50 and 35% in the HeLa and CaSki from the TrKB siRNA-transfected group, respectively (Fig. 5) .
Silencing of TrKB expression inhibits the expression of cell EMT-related proteins.
EMT plays an important role in the invasion and metastasis of tumor cells. We determined the effects of the knockdown of TrKB on the expression of EMT-related proteins, including E-cadherin, N-cadherin and vimentin. It was clearly shown that in both the HeLa and CaSki cells, E-cadherin expression at both the protein and mRNA levels was upregulated in the TrKB siRNA-transfected group compared with that from the control and negative siRNAtransfected groups (Fig. 6) . By contrast, N-cadherin and vimentin expression levels were downregulated in the TrKB siRNA-transfected group compared with that from the control and negative siRNA-transfected groups in both the HeLa and CaSki cells. These results indicated that the silencing of TrKB inhibited the migration and invasion of the HeLa and CaSki cells.
Downregulation of TrKB affects the expression of proteins associated with invasion.
Our above-mentioned experiments suggested that the cell migratory and invasive abilities were suppressed in both the HeLa and CaSki cells following the downregulation of TrKB. Hence, we determined the changes in the expression of proteins associated with invasion, such as MMP2, MMP9 and TMP2. As shown in Fig. 7 , the protein expression of MMP2 was markedly abrogated in both the HeLa and CaSki cells transfected with TrKB siRNA compared with that in the control and negative siRNA-transfected groups, while MMP2 mRNA expression was slightly decreased in the cells transfected with TrKB siRNA compared with that in the control and negative siRNA-transfected groups. No significant changes were observed for MMP9 protein and mRNA expression in the HeLa cells between all groups, while the MMP9 protein level was markedly downregulated in the cells transfected with TrKB siRNA compared with the control and negative siRNA-transfected groups in the CaSki cells. However, the protein and mRNA expression levels of TMP2 were significantly elevated in both the HeLa and CaSki cells transfected with TrKB siRNA compared with that in the control and negative siRNA-transfected groups.
Silencing TrKB expression attenuates the activation of the ERK and PI3K/AKT pathways. To explore the mechanisms responsible for the inhibitory effects of the silencing of the expression of TrKB on the cells, we examined the ERK, Figure 6 . Downregulation of TrKB expression suppresses the expression of cell epithelial-mesenchymal transition (EMT) proteins. (A) In the HeLa cells, the expression levels of the EMT-associated proteins E-cadherin, and N-cadherin or vimentin, at both the protein and mRNA level were upregulated and downregulated, respectively in the siTrKB group compared with the control and negative control groups. (B) Similar to the HeLa cells, in the CaSki cells, the expression levels of the EMT-associated proteins E-cadherin, and N-cadherin or vimentin, were upregulated and downregulated, respectively in the siTrKB group compared with the control and negative control groups. PI3K/AKT signaling pathways. As shown in Fig. 8 , the levels of p-ERK, p-AKT in both the HeLa and CaSki cells were significantly decreased in the cells transfected with TrKB siRNA compared to those in the cells from the control and negative siRNA-transfected groups.
Downregulation of TrKB inhibits tumor growth.
To determine whether the knockdown of TrKB expression affects the growth of tumors in nude mice, HeLa cells from the control and negative siRNA-transfected groups were injected into the nude mice and tumors were allowed to grow for 15 days. As shown in Fig. 9A and B, the tumors derived from negative siRNAtransfected cells were similar to those of the controls as regards size and weight, while tumors derived from siTrKB-transfected cells were smaller and weighed less. We further examined the expression levels of TrKB and BDNF in these tumors by immunohistochemical analysis. The results revealed that both TrKB and BDNF expression levels were downregulated in tumors derived from siTrKB-transfected cells compared to the levels in tumors developed by cells from the control and negative siRNA-transfected groups (Fig. 9C and D) . Taken together, these results indicate that TrKB is essential for tumor growth.
Discussion
Previous studies have shown that a high expression of BDNF/TrKB is closely associated with EMT and is linked to tumor growth, invasion and metastasis (18, 29) . To the best of our knowledge, the present study is the first to demonstrate a strong association of a high BDNF/TrKB expression with tumor size, grade of differentiation, positive lymph node metastasis and a poor survival of patients with cervical cancer. However, there was no significant association between TrKB and clinicopathological parameters. Furthermore, a high BDNF/TrKB expression enhanced cervical cancer cell growth, migration and invasion via the promotion of EMT and the upregulation of MMP2 and MMP9 expression. Our results suggest that BDNF/ TrKB may be considered as novel biomarkers in cervical cancer. In addition, our results are supported by those of previous studies in which the BDNF/TrKB signaling pathway was shown to be essential for EMT, and for the activation of the PI3K/AKT and Ras/MAPK cascades (30) (31) (32) .
BDNF was initially known as a neurotrophic factor, which is essential for maintaining the survival of neurons, promoting their growth, differentiation and regeneration following injury in the peripheral and central nervous system (7, 33, 34) . BDNF expression has been found in many non-union systems, such as blood vessels (endothelial and smooth muscle cells), bone marrow and heart, and an increased microvascular density has been observed in tissues with an overexpression of BDNF (35) (36) (37) . In addition, studies have found that BDNF and its receptors are closely associated with gastric cancer, lung cancer, hepatocellular carcinoma, ovarian cancer and prostate cancer and other solid tumors (9) (10) (11) (12) . Furthermore, BDNF is also known to be involved in the regulation of endothelial cells and is linked to angiogenesis (38, 39) . However, few studies have investigated the role of BDNF in cervical cancer. In the present study, a high positive (~60%) expression of BDNF was observed in cervical cancer tissues. Our results also revealed that the protein and mRNA expression levels of BDNF were markedly higher in cervical cancer tissues than in normal tissues. Furthermore, a high expression of BDNF was also found in several cervical cancer cell lines.
TrkB is a highly glycosylated molecule consisting of 821 amino acid residues, and the extracellular domain consists of a signal peptide consisting of 32 amino residues (40) . The BDNF-specific receptor is TrkB, and plays a biological effect mainly dependent on the binding of the receptor TrkB, promoting of TrkB homodimer formation, and activating of the receptor tyrosine kinase activity, which increases the phosphorylation of tyrosine residues (41) . Moreover, activated TrkB can simulate the expression of a variety of proteins and enzymes, thereby promoting the transcription of immediate and delayed response genes or by being directly involved in a variety of physiological responses (40, 41) . Additionally, BDNF/ TrkB is not only expressed in multiple myeloma and neuroblastoma (42) , but also in non-neurogenic tumors, such as lung cancer, liver cancer, pancreatic cancer, nephroblastoma and even in virus-transformed B lymphocytes (9-12,43,44 ). In particular, the positive expression of BDNF/TrkB may be closely related to the development and progression of ovarian cancer, which may promote the development of ovarian epithelial carcinoma (11, 45) . In the present study, a high positive expression of TrKB, as of BDNF, in cervical cancer tissues and cell lines was observed compared to the normal tissues and cells, respectively. Furthermore, patients with a positive expression of both BDNF and TrKB exhibited a poorer prognosis than those with either BDNF-or TrKB-positive expression alone and with a negative expression of both. These results can be partially confirmed by two previous studies (26, 27) . It has been found that an autocrine loop exists between TrkB and BDNF in neuroblastoma and myeloma, in which a high expression of BDNF induces the increased expression of TrkB (46, 47) . Notably, we found that the silencing of TrKB induced the downregulation of BDNF. Hence, we hypothesized that there other mechanisms involved and these warrant further investigation.
E-cadherin is linked to the morphogenesis of epithelial cells, and to the maintenance of the integrity of epithelial tissues (48, 49) . A decreased E-cadherin expression is associated with the invasion and metastasis of tumors, including gastric, breast and pancreatic endocrine cancer (48) (49) (50) (51) (52) . Recent experiments have indicated that the activation of BDNF/TrkB can lead to the occurrence of EMT (30) . In addition, it has been reported that a high expression of BDNF/TrkB leads to EMT in head and neck squamous carcinoma cell lines (31) , and is associated with EMT in colorectal cancer cells, leading to enhanced tumor metastasis (32) . In agreement with these findings, our results suggested that the downregulated expression of E-cadherin was an important stimulus of EMT, which was mediated by the activation of the BDNF/TrkB pathway in cervical cancer cell lines. We found that a high expression of N-cadherin and vimentin was closely associated with the activation of the BDNF/TrkB pathway. N-cadherin and vimentin have been implicated in the process EMT, resulting in phenotypic changes in many cancer cells (53, 54) . In the present study, the silencing of TrKB induced a decrease in both N-cadherin and vimentin, which supported the stimulatory effect of BDNF/TrkB on EMT observed in other studies (30, 31, 53, 54) . We further examined the effects of the knockdown of TrKB by siRNA on the proliferation, migration and invasion of cervical cancer cell lines. Our results revealed that the proliferation, migration and invasion of the cervical cancer cell lines, HeLa and CaSki, were suppressed after the cells were transfected with TrKB siRNA. MMP2 and MMP9 are members of the MMP family and have been implicated in the invasion and metastasis of cancer cells (55) . In this study, the decreased expression of MMP2 and MMP9 supported the suppressed proliferation, migration and invasion of the cervical cancer cell lines (MMP9 was not significantly (56), was related to inhibition of cell migration and invasion, and its expression was increased in cells in which TrKB was knocked down. These results suggest that BDNF/TrkB exerts a potent simulatory effect on cell growth, migration and invasion via the regulation of E-cadherin, N-cadherin, vimentin, MMP2, MMP9 and TIMP2.
Recent studies have indicated that when TrkB binds to its ligand, BDNF, multiple signaling cascades can be stimulated, including the ERK and PI3K/AKT pathways (57) (58) (59) . In addition, the TrkB/BDNF signaling pathway induces EMT and enhances cell invasion and metastasis by regulating downstream genes, such as E-cadherin, N-cadherin and vimentin (18, 19) . Therefore, in this study we examined whether the TrkB/ BDNF signaling pathway is linked to the ERK and PI3K/AKT pathways, thereby inducing cell proliferation, migration and invasion. Our results revealed that high levels of phosphorylated ERK were observed in the HeLa and CaSki cells. We found that the phosphorylation of ERK was evidently decreased after the cells were transfected with TrKB siRNA. Moreover, the phosphorylation of PI3K/AKT was also observed to be markedly decreased after the silencing of TrKB in the HeLa and CaSki cells. Furthermore, the decrease in TrkB expression affected the expression of EMT-related transcription factors, such as E-cadherin, N-cadherin and vimentin. Additionally, the expression levels of genes associated with cell invasion, such as MMP2, MMP9 and TIMP2 were also affected by the silencing of TrKB in the cells. These results suggest that the downregulation of TrkB/BDNF signaling suppresses cell metastasis, proliferation and invasion by reducing downstream gene expression via the inhibition of the ERK and PI3K/AKT pathways.
In conclusion, we identified two new molecular biomarkers, TrkB/BDNF, present in cervical cancer that regulate cell proliferation, invasion and metastasis. Furthermore, we demonstrate that the TrkB/BDNF pathway may be a potential therapeutic candidate for the targeted therapy of cervical cancer.
